Animals exhibit amazing navigational abilities using multiple sensory cues and systems. Most animals, including humans, also use a navigational strategy known as path integration (PI), in which they continually sum the direction and distance of their movements to form a single 'home vector' linking their current position with the origin of the foraging path (Cheung, 2014; Mittelstaedt & Mittelstaedt, 1980; Srinivasan, Zhang, Altwein, & Tautz, 2000; Wittlinger, Wehner, & Wolf, 2006 , 2007 . In animal navigation studies, a traditional view is that only one navigational system is used as a primary strategy, with different systems employed as backup strategies (Collett & Collett, 2000; Collett, Collett, Bisch, & Wehner, 1998; Srinivasan, Zhang, & Bidwell, 1997) . Recent experiments on insect navigation, however, suggest that all systems operate in parallel, forming a heterarchical network (Bregy, Sommer, & Wehner, 2008; Buehmann, Cheng, & Wehner, 2011; Buehmann, Fernandes, & Graham, 2018; Buehlmann, Hansson, & Knaden, 2012; Collett, 2012; Wehner, Hoinville, Cruse, & Cheng, 2016; Wystrach, Mangan, & Webb, 2015) . In other words, animals follow compromise directions or use different cues and systems at the same time depending on certain interactions, rather than using a primary cue if available (but see Narendra, Gourmaud, & Zeil, 2013) . Whether or not there are interactions among cues and systems is a crucial difference between the traditional and modern views. A central question in animal navigation is then to understand how cues and systems interact with one another. An increasingly popular explanation, in particular for desert ants, is that systems tend to combine in a weighted manner based on Bayesian reasoning (Wystrach, et al., 2015 ; see also Hoinville & Wehner, 2018) . For instance, in long-distance navigation, desert ants accumulate errors in their PI systems and store visual information from panoramic landmarks and scenery for orientation, with a decline in their walking speeds (Buehmann et al., 2011; Buehmann, et al., 2018; Buehmann, et al., 2012; Cheung, 2014) .
Then they use the information from PI and the view weighted according to each certainty that gradually changes while approaching the goal, for example directional certainty in PI is strongest when the animal is far from its goal and gradually becomes less as the distance decreases (Wystrach, et al., 2015) .
However, in a situation involving decision making during a rapid action, such as escape from a predator, there may be an alternative manner of interaction between multimodal cues. In addition, the certainty of each cue needs to have been learned if it is to gradually change along the homing path in a weighted manner. Then, during rapid escape behaviour from predators, if there is a mismatch between cues that usually match can the weighting integration of the certainty still be performed? Here we report an experiment on decision making during the rapid escape run of fiddler crabs, Uca perplexa. Fiddler crabs are a striking example of central-place foraging (usually within <1 m) in which they accurately and continuously monitor the locations of their own burrows, even when they cannot see them (Cannicci, Fratini, & Vannini, 1999; Hemmi & Zeil, 2003; Layne, Barnes, & Duncan, 2003a , 2003b Walls & Layne, 2009; Zeil, 1998; Zeil & Hemmi, 2006; Zeil & Hemmi, 2014) . When startled, they run back to their burrows, usually in <1 s. Most studies have considered that they do this relying exclusively on PI (e.g. Layne, et al., 2003b) . However, in our previous study, when we conducted an experiment setting PI and visual cues in conflict by masking the true burrows (the goal of PI) and showing fake entrances (visual cues), we found that if the fake entrance and true burrow were within a certain distance from each other (approximately 5 cm), the threatened crab would alter its homing path and keep running until it reached the fake entrance without going to the true burrow (Murakami, Tomaru, & Gunji, 2017) . This suggests that the burrow entrance is used as a visual cue only when it is close to the end of the home vector; if not, the crab follows the usual straight path to the location of the masked true burrow until its home vector is exhausted, ignoring the fake entrance, as suggested in a previous study (Zeil, 1998) . Therefore, this additionally suggests that the crab exclusively shifts from the PI to the visual cue only when it approaches the end of the home vector, rather than combining systems in a weighted manner. However, the fake entrances were located at various distances and directions from the true burrows in this experiment, which did not allow us to test whether the crabs exclusively shift between or weigh up the cues. This was because the visual contact distance of U. perplexa to its burrow is approximately five times the eye height above ground or carapace width (approximately estimated between 0.8 and 1.9 cm); hence, the crab can fully perceive the burrow entrance, regardless of its body size, only when it is within about 4 cm (Zeil & Hemmi, 2014; Zeil & Layne, 2002) . Thus, the visual cue became visible only when the crab approached the end of its home vector in the previous experiment.
Therefore, we conducted an experiment where the visual cue was located at a point on or near the homing path at various distances from the burrow and investigated the interactions between PI and visual cues during a rapid homing run. The probability of the crabs returning to the true burrow was calculated as a function of the remaining PI vector length when the crab encountered a visual cue and was considered as the relative weight of PI (see Methods). Then, to investigate how the fiddler crabs resolve conflicts between PI and visual cues under predation risk, we tested two models: the relative weighting model and the exclusive shift model, where we considered the behaviour of the relative weight of PI against the PI length. In both models, PI and visual cues were predicted to interact with one another, but in different ways. If the crabs followed the relative weighting model, the relative weight of PI would gradually increase as the PI length increased, as observed in desert ants (Wystrach, et al., 2015) . If they followed the exclusive shift model, the relative weight of PI would be close to 0 or 1 when the PI length was small or large, respectively, indicating that crabs respond to visual cues only towards the end of their home vector.
METHODS

Experimental Set-up
Field experiments were performed in August 2017 on a large colony (approximately 15 Â 20 m) of U. perplexa located in the intertidal sand flats on Iriomote Island, Okinawa, Japan (123 48 0 E, 24 24 0 N) during the daytime from 2 h before to 2 h after low tide. We used male U. perplexa, which show typical homing behaviour using PI. We recorded all experiments from above using a Panasonic HC-WX990M-K camcorder (3840 Â 2160 pixels, 30 frames/s) fitted with a Panasonic VW-W4907H-K wide conversion lens (0.75Â) on a four-legged steel frame, resulting in a recording area of 3.6 Â 2 m. Immediately after the camera was set up, we conducted each experimental trial using a randomly chosen individual in the area with up to four replicates.
Experimental Procedure
The experimental procedure was similar to that described in our previous study (Murakami, et al., 2017) ; however, we revised some details to make it easier to move the fake entrance along the homing path (Fig. 1) . A fake entrance was created by cutting a 1.5 cm diameter hole 3 cm from the edge of a 10 Â 18 cm cork sheet, to which a plastic sheet of the same size was attached for reinforcement (total thickness, 2 mm). Then, this fake entrance was superimposed on the true burrow entrance with the crab in it. We observed that the crabs emerged from the modified burrow entrance where the fake entrance was set on the true burrow entrance, then foraged around the terrain, engaged in homing behaviour and defended the burrow, similarly to what is observed under natural conditions.
The sheet was attached to a fishing line on the two corners closest to the fake entrance, allowing an observer, sitting on a chair 2 m away, to pull the sheet towards him. After the crab emerged from and left its burrow, and moved away to feed, the observer moved the sheet to cover the true entrance and reveal the fake one ( Fig. 1) . Next, the crab was startled by the observer getting up from the chair. We then checked whether the crab ran back to the true burrow or to the fake entrance (Fig. 1) . We varied the distance over which the sheet was moved, ensuring it still masked the true entrance, and we moved the sheet slowly so as to not disturb the crab. We used the fact that the direction of the fiddler crab's excursion pattern is nonrandom (Hong, 2013; Hong & Layne, 2012): 10 cm . Experimental procedure. After a crab had emerged from and left its own true burrow, on which a fake entrance cut into a cork sheet was superimposed (1), the sheet was translocated so that the true burrow was masked and only the fake entrance was shown (2). We then checked whether the crab ran back to the true burrow or fake entrance when it was startled (3; blue or red arrow, respectively). Dashed circle (T): true burrow; solid circle (F): fake entrance.
when the crab emerges from the burrow, it tends to move with reference to previous excursions to some extent. The sheet was therefore set along the direction of the previous excursion and the observer was located on the side of the previous excursion, to make it easier to move the fake entrance along the homing path. In total, 137 trials were conducted with 90 crabs.
Video and Data Analysis
We tracked time series of the crabs' positions frame-by-frame (30 frames/s) from video images using an image-processing software (Library Move-tr/2D ver. 8.31; Library Co. Ltd., Tokyo, Japan) as a single pixel whose side length was 0.94 mm. The starting point of an escape run was defined as the crab's position in a frame after being threatened and when it moved at least 3.33 mm in the 33.3 ms time interval preceding this frame and at least 10.0 mm over a three-frame interval (100 ms) starting at the previous frame. The stopping point was defined as the crab's position in a frame after the starting point when the crab moved at most 3.33 mm in the 33.3 ms time interval preceding this frame and at most 10.0 mm over a three-frame interval starting at the previous frame. We note that it is easy to determine the starting and stopping points of an escape run by visual inspection on video images of crab's behaviour. However, here we used this criterion, which was also employed in our previous study (Murakami, et al., 2017) , to systematically determine them. Resulting points were ascertained to be matched well with those by visual inspection.
In 52 of the 137 trials, a fake entrance was translocated outside the area where the crab would be able to fully see it (i.e. the area within 4 cm of the home vector). In practice, to determine such trials, we used a reference frame such that the location of the true burrow was set on the origin, and the direction from the starting point of the run to the true burrow was normalized to be right to left along the x-axis. We considered that a fake entrance was translocated inside the area if its x-coordinate was larger than 0 cm and the absolute value of its y-coordinate was smaller than 4 cm; otherwise, it was outside the area. In five of the remaining 85 trials, the crab was caught by the edge of the sheet and the stopping point was located there; these trials were excluded. The remaining 80 trials conducted with 58 crabs were used in further analysis.
If the stopping point was closer to the fake entrance than to the masked true entrance, we considered that the crab had reverted to the fake entrance; we considered these trials 'F events'. Alternatively, when the stopping point was closer to the masked true entrance than to the fake entrance, we considered that the crab had run back to the true burrow and labelled these trials as 'T events'.
We defined the remaining 'PI vector length' when the crab encountered the fake entrance as the distance between the true burrow and the point on the home vector at which the distance to the fake entrance was the shortest, which corresponds to the xcoordinate of the fake entrance in the reference frame described above (see inset in Fig. 3b in the Results). The two models of interaction between PI and visual cues were then compared by evaluating the behaviour of the probability of occurrence of a T event against the PI vector length.
The first model is a relative weighting model with PI certainty proportional to PI length, as observed in desert ants (Wystrach, et al., 2015) . In this model, it is assumed that the inputs weighted by the inverse of the relative uncertainty or noise of each estimation are averaged and that as PI length increases, the weighting of PI (PI weight ) will become progressively stronger (PI uncertainty or Gaussian noise with the variance s 2 PI of the estimation of the remaining distance to the goal of PI is proportional to 1/PI vector length; this model has one free parameter, uncertainty of the view s 2 view ), and, therefore, the probability of occurrence of a T event will also gradually increase. Then, PI weight which corresponds to the probability of a T event is given by
True burrow Fake entrance 
where x represents the PI vector length. Note that the relative weight of the view is given by view weight ¼ 1 À PI weight . The second model is the exclusive shift model. In this model, it is assumed that following PI, a crab immediately shifts to visual cues only if it is approaching the end of the PI vector. Therefore, in this model, if the PI length is small, the probability of occurrence of a T event will be close to 0; otherwise, it will be 1. This model was expressed by a sigmoid function obtained from logistic regression to evaluate the relationship between the probability of a T event and the PI length; therefore, this model has two free parameters (beta estimates; b 0 and b 1 ),
(2) where x again represents the PI vector length.
We calculated the best-fit parameters for each model by maximum likelihood estimation, and compared the fit of these models using the Akaike information criterion (AIC; Burnham & Anderson, 2002) , given by
where n is the sample size, y is the observed value (T event (1) or F event (0)), p corresponds to PI weight and represents the probability of a T event calculated from each best-fit model, and K is the number of free parameters for each model. A lower AIC indicates a better fit. The logistic regression analysis was performed with R version 3.1.2 (The R Foundation for Statistical Computing, Vienna, Austria, http://www.r-project.org), to calculate b estimates, P values, 95% confidence intervals and AIC. We confirmed that b estimates and AIC for the exclusive shift model were the same for our calculation by equation (3) and that with R.
Ethical Note
The studies were conducted in accordance with the ASAB/ABS Guidelines for the Use of Animals in Research. We limited the handling and the amount of time each crab was used as much as possible. No crab was injured during the research, and they all continued their regular activities after release. No specific permits were required for our field studies, and the locations are not privately owned or protected in any way. This crab is not an endangered or protected species.
RESULTS
After being startled, the crabs ran rapidly and stopped running abruptly at the fake entrance or the masked true burrow, in agreement with our previous study (Murakami, et al., 2017) . In total, 25 T events and 55 F events were observed. In T events, the crabs stopped running at the location of the masked true entrance, depending almost entirely on the home vector, and ignored the fake entrance. In F events, the crabs suddenly stopped at the fake entrance without reaching the location of the masked true entrance. In Fig. 2 , we present examples of the escape runs in T and F events (see also Supplementary Videos S1 and S2).
By conducting a logistic regression, we found that the PI vector length significantly affected the probability of occurrence of a T event (Table 1, Fig. 3 ). The minimum PI vector length at which T events were observed was 29.8 mm. The distance at which T events had a 0.5 probability of occurrence was 43.5 mm, whereas the probability that a T event would occur beyond 70 mm was 0.995. In Fig. 3a , we show the locations of the fake entrances in T and F events.
As described in the Methods, we considered this as the exclusive shift model and compared it with the relative weighting model, which has one free parameter, the assumed (relative) variance of the view, and whose best fit is obtained when this parameter is set equivalent to PI at 66.7 mm (Fig. 3b) . When we examined the fit of the models to the data using AIC, we found that the best fit was provided by the exclusive shift model (Table 2) .
DISCUSSION
In this study, we investigated how animals resolve a conflict between cues when they are under risk of predation and need to make a rapid decision, with fiddler crabs exhibiting characteristic rapid homing behaviour when threatened. To study this, we imposed mismatches on crabs by placing fake entrances (visual cues) along their homing paths and masking their true burrows Table 1 Logistic regression analysis evaluating how the probability of the occurrence of a T event (crab returned to true entrance) is affected by the length of the path integration (PI) vector The remaining PI vector length (mm) Figure 3 . Relation between burrow selection and the length of the path integration (PI) vector. (a) Location distribution of fake entrances in F events (returned to fake entrance) and T events (returned to true burrow); the direction from the starting point of the run to the true burrow is normalized to be right to left. (b) Probability of the occurrence of a T event in relation to PI vector length. Open circles represent T events (1) or F events (0). Solid line: best-fit exclusive shift model; dashed line: best-fit relative weighting model. The inset illustrates how the remaining PI vector length is determined from the relation between the locations of the crab's starting point, the true burrow and the fake entrance.
(the goal of PI), and then startling them. If the fiddler crabs obtained primary information from visual cues rather than PI, as in the classical explanation in desert ants and honey bees (Collett, et al., 1998; Srinivasan, et al., 1997) , they should have always stopped running at the fake entrance. However, we observed that the crabs sometimes ran up to the true burrow without stopping at the fake entrance. We then tested the relative weighting and exclusive shift models, both of which predict that even though the crabs can perceive the visual cues, information from them can be suppressed by the PI system. However, how to suppress the information differs between the two models. In the relative weighting model which was recently observed in desert ant navigation (Wehner, et al., 2016; Wystrach, et al., 2015) , as the PI vector length increases, PI certainty progressively increases (i.e. a compromise direction is progressively biased towards the PI direction), and thereby the relative weights of PI and visual cues become gradually stronger and weaker, respectively. In the exclusive shift model, the crab initially follows the information from PI, completely suppressing information from visual cues, and shifts to visual cues only when it approaches the end of the home vector. In our experiment, the exclusive shift model was strongly supported rather than the relative weighting model.
The weighted-manner integration based on Bayesian reasoning is also performed in human decision making (Kording, 2014) . The traditional view of human information processing, where sensory evidence is collected and weighted optimally, and then action is taken (serial decision then action model), was developed primarily to account for laboratory tasks with simplified action choices. Although this framework has been strongly supported by neuroscience studies, recent empirical and theoretical research emphasizes that living organisms have evolved to deal with ecological decisions that could involve deadlines and time constraints for action, where decision during action is required (Lepora & Pezzulo, 2015) . Thus, action plans can be prepared, and even launched, before the decision process is completed and decisions can be taken using real-time exploration for sensory cues.
We can paraphrase these explanations regarding animal navigation with an analogy. That is, one can consider that desert ants accumulate information from each cue and learn its relative certainty in their long, repetitive journeys, and each time they find a conflict between cues, they solve it in a serial decision then action manner with weighted integration. The weighted method would be optimal for the foraging of desert ants (Wystrach, et al., 2015) . This may also be true for the fiddler crabs under nonthreatened conditions where they may have the time to weigh up the evidence, although it is not substantiated at this stage. However, for the escape run of fiddler crabs under threat, they should balance the benefits of making the correct decision (e.g. choosing the correct burrow) with its costs (time constraints to reach it). Then, one can consider that threatened fiddler crabs achieve their characteristic rapid homing behaviour by following an action plan defined by the home vector. Their sophisticated PI system usually allows the goal of PI and the location of the visual cue (burrow entrance) to match. However, when there is a mismatch between them, occasionally caused by active territorial or courtship behaviour (Kim & Christy, 2015; Kim, Kim, & Choe, 2010; Ribeiro, Christy, Rissanen, & Kim, 2006) , the weight of each certainty would be unknown a priori. Then the crab, following an action plan that allows alternative actions until it is completed, may deal with the mismatch flexibly. Following PI, the crab explores the visual information, and if the PI system tells it that it is near the burrow, it uses the information from visual cues; if it is not near the burrow, it discards the visual information. Such an interaction mechanism could enable the crab to avoid entering the wrong burrow where it could be ejected by resident crabs and be subject to predation.
Although further data are clearly required, we note again that there is a possibility that decision making under nonthreatened conditions would favour the relative weighting model, whereas the exclusive shift model could be a more rapid decision-making process more likely to be used by fiddler crabs under predation risk. This may also be relevant to the well-known human research on two modes of decision making: fast, automatic and instinctive mode versus slow, deliberative and calculating mode (e.g. Kahneman, 2011) , particularly with respect to whether the two (fast and slow) systems can be independent. For fiddler crabs, the fast system seems to correspond to the PI system, which usually allows crabs to return to their home rapidly and is performed in an automatic and instinctive manner. If the fast system operated completely independently from the slow system, fiddler crabs should have always followed the PI system when threatened. However, our results showed that crabs could give up that system and switch to visual cues when they were in conflict. This suggests that animals, even during operation of the fast system (i.e. under predation risk), manage to solve the gap between the cues. log(yp y (1 À p) 1Ày )þ2K, n is the sample size, y is the observed value (T event (1) or F event (0)), P corresponds to PI weight and represents the probability of occurrence of a T event calculated from each model, and K is the number of free parameters for each model. Note that x in the equation represents the PI vector length, and viewweight ¼ 1 À PI weight . The smaller the AIC, the better the fit.
